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(57) ABSTRACT

A diagnostic imaging device includes detector elements (16)
for detecting y-rays indicative of nuclear decay events. Pairs
of concurrently detected y-rays define lines of response
(LORs) which are collected, time stamped, and compiled 1n
list-mode. In tissue perfusion studies, it 1s benelicial to use the
data that concurrently maximizes contrast and signal-to-noise
ratio in the reconstructed 1mages. Using the list-mode data,
events 1n an adjustable temporal window (33) are recon-
structed and the reconstructed 1images are analyzed to deter-
mine a figure of merit based on contrast and signal-to-noise
properties of the image. By 1iteratively adjusting the temporal
window, extending its start point (36) backwards 1n time, and
repeating the reconstructing, analyzing, and adjusting steps,
an 1mage with an optimal figure of merit 1s obtained.
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REVERSE DATA RECONSTRUCTION FOR
OPTIMAL TIME SAMPLING OF COUNTS IN
PHYSIOLOGICAL LIST-MODE NUCLEAR
IMAGING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application Ser. No. 61/061,289 filed Jun. 13, 2008, which 1s
incorporated herein by reference.

The present application relates to the diagnostic 1maging,
arts. It finds particular application in a nuclear medicine scan-
ner that utilizes list-mode data acquisition, and will be
described with particular reference thereto. It 1s to be under-
stood, however, that it also finds application 1n other tracer
perfusion studies, and 1s not necessarily limited to the afore-
mentioned application.

The capture ol physiological processes with nuclear
dynamic 1maging 1s a complex process requiring optimiza-
tion of the sampling for the particular imaging system and an
understanding of the phenomena involved in the tracer
uptake. For example, cardiac perfusion studies using a
rubidium-82 (**Rb) injection and PET imaging combines the
challenge of dynamically imaging a high flux, short half life
1sotope (about 90 seconds) and an uptake process that can
extract ®*Rb from the blood stream in as short as 30 seconds
or as long as 200 seconds, depending on the subject, 1n a
typical 360 second scan. Imitially, there 1s a large amount of
tracer 1n the blood, but little taken up by the area of interest.
This generates a large amount of data, but with poor contrast.
As time progresses in the scan, more of the tracer reaches and
1s taken up by the area of iterest and is cleared from the
blood, but concurrently, signal strength wanes as time goes on
due to the natural decay of the tracer. This results 1n good
contrast, but a low amount of data. There 1s difficulty 1n
finding the optimal time for 1imaging that harmonizes signal
strength and contrast.

The quality of the reconstructed images 1s dependent on the
choice of the reconstruction interval. Choosing a longer
reconstruction time interval, such as 90-360 seconds, can
maximize the signal strength, that 1s, 1t can maximize the
counts recerved. This comes at the expense of contrast. For
example, in 1maging the heart, the above selected time range
might result in low contrast since blood in the ventricles, not
yet absorbed by the tissues of the heart, may still be active.
Because the early data has the highest count rate, it tends to
dominate the lower count rate later data. On the other hand, 1f
a window o1 300-360 seconds 1s selected, the image will most
likely have good contrast, as most of the tracer has been
absorbed by the tissue of interest. There may be significant
noise, however, as most of the tracer will have decayed by that
time, leading to a low event count rate.

The present application provides a new and improved event
processing method that 1s able to leverage list-mode data to
ciliciently optimize the image quality.

In accordance with one aspect, a diagnostic imaging appa-
ratus 1s provided. A detector array including individual detec-
tors senses photons emitted by radioactivity decay within the
patient. A triggering processor assigns a time stamp to
received potential events. An event verification processor
applies verification criteria to recerved potential events. A
reconstruction processor reconstructs valid events into an
image representation of the imaging region. A figure of merit
analyzer analyzes a reconstructed image to determine a figure
of merit.
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In accordance with another aspect, a method of diagnostic
imaging 1s provided. A set of data points indicative of nuclear
decay events 1s collected and the data points are sorted
according to a time that the data points were detected. A
reference point in time 1s selected. An 1image representation 1s
reconstructed from data points occurring before the reference
point. A figure of merit associated with the 1image represen-
tation 1s determined. A time interval 1s selected and applied
backwards from the reference point creating a new reference
point.

In accordance with another aspect, a method of diagnostic
imaging 1s provided. Photons emitted in radioactive decay are
detected. A time stamp 1s assigned to received potential
events. Verification criteria are applied to received events.
Valid events are reconstructed 1into an image representation of
the 1maging region. A reconstructed 1mage 1s analyzed to
determine a figure of mernt.

One advantage lies in the ability to select an optimal com-
bination of signal strength and 1mage contrast in a nuclear
tracer perfusion study.

Another advantage lies 1n the ability to 1teratively add data
to or remove data from a reconstructed 1mage until a maxi-
mum 1mage quality 1s achieved.

Another advantage is that 1t 1s easily retrofitted 1nto present
scanners provided that the scanners have compatible data
generation and data format (e.g. list mode).

Still further advantages of the present imvention will be
appreciated to those of ordinary skill 1n the art upon reading
and understand the following detailed description.

The mvention may take form 1n various components and
arrangements of components, and in various steps and
arrangements of steps. The drawings are only for purposes of
illustrating the preferred embodiments and are not to be con-
strued as limiting the invention.

FIG. 1 1s a diagrammatic illustration of a nuclear imaging
device 1n accordance with the present application;

FIG. 2 1s a graph showing count rate and tissue perfusion as
functions of time;

FIG. 3 1s a flow diagram of an 1terative determination of the
most valuable data to be used 1n reconstruction, 1n accordance
with the present application.

With reference to FIG. 1, a diagnostic imaging device 10
includes a housing 12 and a subject support 14. Enclosed
within the housing 12 1s a detector array. The detector array
includes a plurality of individual detector elements 16. While
one particular embodiment i1s described with reference to a
positron emission tomography (PET) scanner, 1t 1s to be
understood that the present application 1s also usetul 1n other
medical applications, such as single photon emission com-
puted tomography (SPECT) as well as x-ray astrophysics,
gamma ray telescopes, radiography, security, and industrial
applications. Generally, the present application finds use 1n
Imaging x-rays, gamma rays, or charged particles with high
energy and spatial resolution. The array 1s arranged so that
detector elements 16 are disposed adjacent to an 1maging
region 18. The detector array can be a ring of detectors 16,
multiple rings, one or more discrete flat or arced panels, or the
like. In positron emission tomography (PET), pairs of gamma
rays are produced by a positron annihilation event in the
imaging region and travel 1n approximately opposite direc-
tions. Such an event may be produced from the nuclear decay
of ®*Rb. These gamma rays are detected as pairs, with a slight
time difference (on the order of nanoseconds or fractions
thereol) between detections 1f one gamma ray travels farther
to reach a detector than the other. Accordingly, in PET scan-
ners, the detector arrays typically encircle the imaging region.
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Betore the PET scan commences, a subject 1s injected with
a radiopharmaceutical. In one common exam, the radiophar-
maceutical contains a radioactive element, such as °°Rb,
coupled to atag molecule. The tag molecule 1s associated with
the region to be imaged, and tends to gather there through
body processes. For example, rapidly multiplying cancer
cells tend to expend abnormally high amounts of energy
duplicating themselves. The radiopharmaceutical can be
linked to a molecule, such as glucose, or an analog thereof,
that a cell typically metabolizes to create energy, which gath-
ers 1n such regions and appear as “hot spots” in the 1mage.
Such a tag 1s also usetul 1n cardiac perfusion 1imaging, since
the heart expends relatively large amounts of energy. Other
techniques monitor tagged molecules flowing 1n the circula-
tory system. In such a technique, it 1s beneficial to tag a
molecule that 1s not quickly absorbed by tissues of the body.

When a gamma ray strikes the detector array, a time signal
1s generated. A triggering processor 20 monitors each detec-
tor 16 for an energy spike, e.g., integrated area under the
pulse, characteristic of the energy of the gamma rays gener-
ated by the radiopharmaceutical. The triggering processor 20
checks a clock 22 and stamps each detected gamma ray with
a time of leading edge receipt stamp. The time stamp, energy
estimate and position estimation 1s first used by an event
verification processor 24 to determine 1f the event data 1s
valid, e.g., 11 the pair of events are coincident, have the proper
energy, and the like. Accepted pairs define lines of response
(LORSs). Because gamma rays travel at the speed of light, 1f
detected gamma rays arrive more than several nanoseconds
apart, they probably were not generated by the same annihi-
lation event and are usually discarded. Timing 1s especially
important in time of flight PE'T (TOF-PET), as the minute
difference 1n substantially simultaneous coincident events 1s
used to further localize the annihilation event along the LOR.
As the temporal resolution of events becomes more precise,
s0 too does the accuracy with which an event can be localized
along its LOR.

LLORs are stored in an event storage bufler 26. In one
embodiment, the LORs are stored 1n a list-mode format. That
1s, the events are stored 1n temporal order with time indicators
periodically inserted. Alternatively, the events can be indi-
vidually time stamped. A reconstruction processor 28 recon-
structs all or a portion of the LORs mto an image representa-
tion of the subject using filtered backprojection or other
appropriate reconstruction algorithms. An analyzer 29 ana-
lyzes a reconstructed image to determine a figure of merit or
other indicator of 1mage quality. The analyzer 29 indexes a
temporal window selector 31 to adjust the temporal window
that defines a portion of the LORSs that are reconstructed until
the image quality 1s optimized or reaches a preselected level.
This process 1s described 1n more detail heremnbelow. The
reconstruction can then be displayed for a user on a display
device 30, printed, saved for later use, and the like.

In one embodiment, event data 1s collected 1n a “list-mode”
format. Recording the relevant properties of each detected
event 1n a list has become a common practice 1 emission
tomography applications and has become known as list-mode
data acquisition and storage. The list-mode reconstruction
approach differs in several ways from binned or histo-
grammed-mode methods. List-mode data acquisitions pro-
vide extremely high temporal resolution with full spatial
resolution and allows frame durations to be determined after
acquisition. Acquiring the data in list-mode format, the inter-
action location can be stored to a high degree of accuracy with
greater elficiency than achievable with frame mode acquisi-
tion. Gantry angles do not have to be binned into predefined
frames, but can be recorded as the actual angle, thereby
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removing the impact of angular blurring with continuous
acquisition. The actual energy of the interaction can be
recorded instead of attributing the event’s energy to one of a
limited number of pre-defined windows. When increasing the
dimensionality 1n this way, the data 1s stored 1n a list where 1t
can be arranged and sorted by several different parameters,
¢.g. time of receipt, istead of a bin. List-mode can also store
gating signals without temporally framing of the data before
this information 1s completely available. The result 1s a sig-
nificant increase 1n the fidelity of recording the projection
data with list-mode acquisition, without a tremendous
increase 1n storage space. Another advantage 1s the ability to
identify events by the time of their occurrence, and benefi-
cially to the present application, being able to select a window
of time 1n which the most optimal combination of contrast and
signal strength 1s observed.

With reference to FIG. 2, the most optimal quality of a
reconstructed image 1s achieved by a judicious choice of the
reconstruction interval or window 33 within the time span of
the data acquisition. During the data acquisition, e.g., 360
seconds, the count rate 32 1s highest at the beginning, decreas-
ing toward the end. Conversely, the contrast 34 1s lowest at the
beginning of the scan. The LORs collected 1n the selectable
temporal window 33 are reconstructed. The start 36 of the
window and/or the end 38 are selectively adjusted to optimize
the balance between contrast and count rate. Of course, mul-
tiple windows, including overlapping windows, can be
defined and an 1mage reconstructed for each.

With reference now to FI1G. 3, a flowchart describing image
optimization 1s provided. First, the subject 1s injected with the
radiopharmaceutical 40. The data 1s collected 42 and time
stamped during the scan. The time of the data collection can
vary depending on the radioactive material used to produce
the annihilation events. In the case of ®°Rb, the scan typically
lasts about six minutes (360 seconds). In this time period,
physically only one-sixteenth of the original amount of >*Rb
will remain, and it 1s expected that the count rate will have
become too low to be diagnostically usetul.

After the data has been collected, the window as defined by
the 1nitial or start point and the terminal or end point are
selected 44. In one embodiment, the terminal or end point 38
1s selected to be a few seconds from the end of the scan. As
mentioned previously, this data 1s most likely to provide the
highest contrast image reconstruction, as the tracer has been
given ample time to profuse to the tissue of interest. Using
data from the very end of the scan 1s a umiversally applicable
approach, and 1s useful especially when little 1s known of the
physiology of the subject (human or animal) with respect to
profusion.

If more 1s known, more significant points can be selected.
For instance, with ®°Rb in cardiac imaging, 200 seconds
should be enough time for healthy human subjects. More
generally, 1t there 1s a time at which 1t 1s known that the
physiology of the subject should be 1n a steady state with
respect to the variable to be measured, the window can be
selected to be on or about that time. Further, there may be a
parameter that can differentiate an intermediate state from the
final steady state. Again in an example, in “*Rb cardiac imag-
ing, the ratio of the myocardium activity compared to the
blood stream (e.g., cavity of the ventricle) should be an 1ndi-
cator of the process.

Next, a baseline image 1s reconstructed 46. In one embodi-
ment, the baseline image 1s reconstructed using data from the
start point until the end of the scan. This baseline 1image
includes high-contrast data counts, but 11 the start point 1s set
late, the volume of the counts 1s low, leading to a low signal-
to-noise ratio. The baseline image 1s evaluated to determine a
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figure of merit 48. In one embodiment, the figure of merit 1s
the contrast-to-noise ratio. Other figures of merit are certainly
contemplated, such as raw event count per unit time, and
others.

(Given the specified figure of merit for the baseline image,
the start point 1s adjusted 50, ¢.g., moved earlier to increase
the number of counts in an effort to improve the specified
figure of merit. LORSs 1n the increased region of the window
are added to the LORs that were used to reconstruct the
baseline 1image, and an updated 1mage 1s reconstructed 352.
Once the updated 1image has been reconstructed, the figure of
merit 1s re-calculated for the new, updated image 54. If the
figure of merit 1improves or remains stable within some
selected statistical confines of the test, shown as decision
block 56 in FIG. 3, the start event may be further adjusted
(e.g., moving a small time period backwards, using a binary
search, or a selected optimization algorithm) and the process
repeated. The image that achieves the best figure of merit 1s
used for further analysis 38, display, interpretation, or
retained for future use. The start and end times also be dis-
played to the user, as uptake times can have significant diag-
nostic value.

In the same fashion, the end point for the window may
optionally be adjusted. Data at the end of the scan may
become less valuable as fewer counts occur. The end point of
the window may be stepped backwards in time, and the
updated image 52 1s reconstructed. The new figure of merit1s
again re-calculated 54 until 1t ceases to improve. Optimiza-
tion of the end point can occur etther before or after optimi-
zation of the start point. During the described window selec-
tion process, the window 33 can be displayed to a user so the
user can use 1t for aid in analyses, quantification, or diag-
noses. The optimized window 33 can also be used by the
system as a parameter in computer assisted diagnosis, as the
uptake times and efliciencies can be indicative of body pro-
cesses and function.

In one embodiment, the above-described process 1s auto-
mated, performed by the analyzer 29. It 1s contemplated that
varying levels of user input can be accepted to aid in the
decision. For example, the beginning and/or end time can be
set by a user with a user input 60. For example, the user could
drag the start and end time indicators in a display analogous to
FIG. 2. The user may be prompted to decide whether the
figure of merit has improved 1n a particular 1mage relative to
its predecessor. When the analyzer 29 comes to a decision on
which image 1s the best, 1t may present 1t and several prior and
subsequent images to the user for review. In this embodiment,
the process 1s still largely automated, but with user analysis to
supplement. The levels of user mput and feedback desired
would be selectable, and able to be toggled on or off at waill.

In an alternate embodiment, the data can be compiled 1n a
non-list-mode format. This embodiment present an addi-
tional problem of sorting events by time after they have
already been binned, requiring extra processing power and
time.

Some radiopharmaceuticals are absorbed by different tis-
sue types within the body at different rates. Thus, the opti-
mum 1mage for different parts of the body might have ditter-
ent reference points. Accordingly, a plurality of optimized
images may be displayed. As another alternative, a series of
cine 1mages could be displayed that show the uptake and
washout over time. The time window corresponding to each
of the cine 1mages can be optimized 1n the same way.

The mvention has been described with reference to the
preferred embodiments. Modifications and alterations may
occur to others upon reading and understanding the preceding
detailed description. It 1s intended that the invention be con-
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strued as including all such modifications and alterations
insofar as they come within the scope of the appended claims
or the equivalents thereof.

Having thus described the preferred embodiments, the
invention 1s now claimed to be:

1. A diagnostic imaging apparatus comprising:

a detector array for receiving events from an imaging

region;

a triggering processor for assigning a time stamp to the
recerved events;

a reconstruction processor that reconstructs an adjustable
portion of the events that fall in a temporal window 1nto
an 1mage representation;

an analyzer that analyzes the reconstructed 1mage repre-
sentation to determine a parameter indicative of 1image
quality and adjusts the adjustable portion of the verified
events by adjusting the temporal window 1n accordance
with the determined parameter, the reconstruction pro-
cessor reconstructing the adjusted portion of the verified
events 1n the adjusted temporal window 1nto a subse-
quent 1mage representation;

wherein the reconstruction processor and the analyzer
iteratively repeat the analyzing, adjusting the temporal
window, and reconstructing until the determined param-
eter meets a preselected critena.

2. The diagnostic imaging apparatus as set forth in claim 1,
wherein the determined parameter 1s a figure of mert based
on a selected parameter of the 1image representation.

3. The diagnostic imaging apparatus as set forth in claim 1,
turther including;

an event storage bulifer that stores verified events 1n a list by
time of receipt of the event.

4. The diagnostic imaging apparatus as set forth in claim 1,

turther including;

a display configured for displaying at least one of the
reconstructed image representations and an indication of
the temporal window 1n which the reconstructed events
tall to a user.

5. A method of diagnostic 1maging comprising:

collecting a set of data points indicative of received nuclear
decay events;

time stamping the recerved events;

reconstructing an 1mage representation from an adjustable
portion of the collected data points that fall 1n a temporal
window;

analyzing the 1mage representation to determine a value of
a parameter indicative ol 1mage representation quality;

adjusting the adjustable portion of the collected data points
which are used in reconstructing a subsequent 1mage
representation by adjusting the temporal window in
accordance with the determined parameters.

6. The method as set forth 1n claim 5, wherein the param-

cter determining step includes:

determiming a figure of merit for the image representation.

7. The method as set forth 1n claim 6, further including;:

comparing the figure of ment for the subsequent 1mage
representation to the figure of ment for the previous
image representation, and 1 the figure of merit for the
subsequent image representation 1s greater than or equal
to the figure of merit for the previous image representa-
tion, repeating further adjusting the portion of the col-
lected data points that are used to reconstruct a next
image representation.

8. The method as set forth 1n claim 5, wherein the portion

of the collected data points used 1n reconstructing the subse-
quent 1mage representation 1s adjusted based on the deter-
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mined value and 1s different from the portion of the collected
data points used to reconstruct the previous 1image represen-
tation.

9. The method as set forth 1n claim 8, wherein the param-

cter value 1s indicative of a contrast of the image representa-
tion.

10. A nuclear imaging system including a processor pro-

grammed to control the nuclear 1maging system to perform
the method of claim 5.

11. The method as set forth in claim 5, further including:

storing the data points by time of detection 1n a memory, the
portion of the data points reconstructed into the image
representation being 1n an adjustable detection time win-
dow.

12. The method as set forth 1n claim 11, further including:

analyzing the subsequent image representation to deter-
mine a value of the parameter indicative of a quality of
the subsequent 1image representation;

in response to the determined values indicating that the
subsequent 1mage 1s better than the previous image,
adjusting the detection time window and generating
another image representation.

13. The method as set forth 1n claim 11, further including:

displaying 1n indication of the detection time window and
at least a one of the 1image representations reconstructed
from the portion of data points in the indicated detection
time window to a user.

14. The method as set forth 1n claim 11, further including:

analyzing the window to aid in one of a diagnosis, quanti-
fication, and a measure of a bodily process.

15. A method of diagnostic imaging comprising:

collecting a set of data points indicative of recerved nuclear
decay events;

time stamping the received events;

storing the data points by time of detection 1n a memory, the
portion of the data points reconstructed into the image
representation being in an adjustable temporal time win-
dow, the temporal window having a start point and an
end point;
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reconstructing an 1mage representation from an adjustable
portion of the collected data points;

analyzing the 1mage representation to determine a value of
a parameter indicative ol 1mage representation quality;

adjusting the adjustable portion of the collected data points
which are used in reconstructing a subsequent 1mage
representation;

analyzing the subsequent image representation to deter-
mine a quality of the subsequent 1mage representation;
and

in response to the subsequent 1mage being of better quality
than the previous image representation, adjusting the
temporal window by moving the start point toward a
beginning of the scan and generating another 1mage
representation.

16. A method of diagnostic imaging comprising:

collecting a set of data points indicative of recerved nuclear
decay events;

time stamping the received events;

reconstructing an image representation from a portion of
the collected data points falling 1n a temporal window;

analyzing the image representation to determine a value of
a parameter indicative of 1mage representation quality;

adjusting the temporal window and reconstructing the col-
lected data points which fall in the adjusted temporal
window 1nto a subsequent 1mage representation;

iteratively repeating the steps of adjusting, reconstructing,
and analyzing until a subsequent 1mage representation
with value of the parameter 1s one of optimized or
exceeds a selected threshold 1s reconstructed.

17. A non-transitory computer readable medium carrying

software to control a processor to perform the method of
claim 16.

18. A diagnostic imaging apparatus comprising:

a detector array configured to receive radiation events from
an 1maging region;

a processor programmed to perform the method of claim
16.
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